Abstract -The behaviour of a low voltage contactor is analyzed with nonlinear transient finite element analyses. For a simulation as close as possible to normal operational conditions, a voltage driven model is concerned additionally to a current excited model. A strong circuit coupling takes into account for the eddy currents in the copper shading rings. With regard to optimization tasks, various arrangements of the shading rings are discussed in detail. For the initial design, a comparison of the steadystate current characteristics obtained from the numerical calculations and from measurements shows a very good agreement.
I. Introduction
With the indent of improved force characteristics, decreased power losses and consequently lower heat production as well as increased efficiency, the design optimization of low voltage contactors is of great interest [1] , [2] . Due to the expected number of switching cycles of more than ten millions, the design of the magnetic circuit should be very robust.
Regarding the geometry of the magnetic circuit, there are only some fixed parameters mainly determined by mechanical restrictions of the entire contactor system. For this reason, many degrees of freedom have to be considered for the design optimization and the most significant parameters have to be determined first. Thus, the performed analyses are focussed on different electric conductivities and various arrangements of the shading rings. Fig. 1 shows the two initial designs of the contactor parts. The contactor iron core is composed of laminated steel and therefore any eddy currents can be neglected. The shading rings are composed of copper and consequently carry significant eddy currents. The upper part depicts the arrangement with tilted shading rings whereas the lower part depicts the arrangement with parallel shading rings. With both designs, the shading rings are identically arranged in the fixed part as well as the moving part of the contactor. The arrangement with parallel shading rings has more degrees of freedom for an optimization and is also better suited regarding a minimization of production costs. For this reason, various geometries as depicted in Fig. 2 are compared regarding their produced electromagnetic forces. Moreover, the design of Fig. 2a will be analyzed for shading rings made of brass instead of copper. With these new designs, the shading rings are mounted only in the fixed part of the contactor.
II. Designs of the Low Voltage Contactor

III. Finite Element Modelling
The quasi-static magnetic problem can be solved with a magnetic vector potential A and an electric scalar potential Ψ [3] - [6] . Due to the nonlinear behaviour of the contactor core, a strong direct coupling has to a. be used for the inclusion of the eddy current carrying shading rings [6] - [10] . On the other hand, the contactor can be accurately represented by a 2D finite element model with respect to a cartesian coordinate system [11] .
Hence, the regions of the driving coil with stranded conductors are described by
whereas the regions of the eddy current carrying shading rings are described by
Within the non-conducting regions, the governing equation is given by
Therein, A z denotes the z-component of the magnetic vector potential, ν and σ are the nonlinear magnetic reluctivity and the electric conductivity, l z is the axial length of the 2D model. The stranded conductors of the driving coil with N C turns and cross-section Q C are represented by the resistance R C as well as their voltage u C and current i C . The eddy current carrying solid conductors of the shading rings are represented by the admittance G S as well as their voltage u S and current i S . Ω C and Ω S denote the domains corresponding to the stranded conductors and the solid conductors, respectively [11] .
Since only a 2D finite element model will be used, the shading rings are divided into two distinct parts. The application of multipoint constraints for the electric scalar potential will guarantee an opposite total current flow in the two separate parts of each shading ring [5] . Additionally, the end parts of the shading rings are included in the admittance G S .
One set of analyses uses the sinusoidal current injection
for the driving coil. This excitation yields an equivalent current density according to the total magneto motive force of the driving coil that is uniform inside the corresponding regions. The distribution of the magnetic vector potential can be obtained directly from (1a). For a simulation as close as possible to regular operational conditions, another set of analyses uses the sinusoidal voltage excitation
for the driving coil. This excitation considering the sinusoidal voltage of the mains requires the calculation of the driving coil current for each time step. Consequently, the full nonlinear effects of the magnetic circuit are included. Now, the distribution of the magnetic vector potential results from the simultaneous solution of (1a) and (1b).
The resulting nonlinear system of ordinary differential equations for the unknown degrees of freedom U
is solved for a fixed time step according to 160 time values within one power frequency cycle. To achieve the desired fast convergence, an approximate NewtonRaphson method with an updated nonlinear stiffness matrix K for each time step is used [5] . Steady-state conditions are achieved after 40 . . .50 power frequency cycles.
IV. Analysis Results
The two analysis approaches are applied to predict the performance of the contactor with a driving coil of N C = 5700 turns. The current driven analyses use a sinusoidal current injection at a frequency of 50 Hz in dependence of the air-gap according to the measurement data. The voltage driven analyses use a sinusoidal voltage excitation of U RMS = 230 V at a frequency of 50 Hz.
The calculations are carried out with various air-gaps of the contactor from opened to closed position. The arrangements of the shading rings as shown in Fig. 1 and Fig. 2 are discussed in detail. For the initial design with tilted shading rings, the values of the driving coil current obtained from the voltage driven finite element analyses are compared to the values obtained from measurements under steady-state operational conditions in dependence of the air-gap.
A. Initial Designs
As shown in Fig. 1 , two different initial arrangements of the shading rings are considered and compared with regard to their current and force characteristics. Fig. 3 and Fig. 4 show the coil current consumption obtained from the both analyses approaches for the initial arrangement of the shading rings. Obviously, the voltage driven coil currents contain significant higher harmonics caused by the nonlinearity of the magnetic circuit. 6 show the time-dependent electromagnetic force acting on the moving part of the contactor for both initial designs. Obviously, the voltage driven analysis against the current driven analysis yields a lower value of the minimum force along one power frequency cycle. Since this minimum force is one of the most important task for the choice about an arrangement of the shading rings, the necessity of voltage driven analyses is confirmed once more. In comparison of the arrangements of the shading rings, there are higher minimum force values and lower maximum force values with the tilted arrangement. Fig. 7 shows the time-averaged value of the timedependent force in dependence of the air-gap for the two initial arrangements with tilted and parallel shading rings. Fig. 8 shows the steady-state coil current magnitudes of the initial design obtained from the voltage driven analyses in comparison to the impressed current magnitudes according to the measurement data. Obviously, there is a good agreement between measurement and numerical results. 
B. Design Studies
As mentioned above, the arrangement with parallel shading rings is more favourable regarding design optimization and reduced production costs. Since the numerically obtained coil currents of the initial designs are in good agreement with the measurement data, the behaviour of the design studies depicted in Fig. 2 can be predicted quite accurately.
The most important criterion for an optimization is given by a high value of the minimum force. Fig. 9 shows the maximum, minimum and timeaveraged contactor forces under steady-state conditions in closed position for the arrangements with parallel shading rings of Fig. 2 . These results are normalized with regard to the time-averaged force of the initial design with copper rings.
The arrangements with brass shading rings and with narrowed shading rings do obviously not meet this criteria. The arrangement with deeper shading rings results in slightly higher force values. However, there may arise mechanical problems due to the decreased distance to the fixing hole caused by the deeper slots. Consequently, the stepped core design meets the criteria about the highest value of the minimum force at its best. Fig. 10 shows the corresponding shading ring currents of the arrangements Fig. 2a and Fig. 2d The highest value of the minimum force is achieved from a concentration of the magnetic flux at the inner core areas due to the additional air-gap at the outer core areas. Fig. 11 and Fig. 12 depict the distribution of the magnetic flux density for the arrangements Fig. 2a and Fig. 2d which will obviously show this flux concentration with the stepped core design.
V. Conclusion
Transient finite element analyses with strong circuit coupling are carried out for the behaviour of low voltage AC contactors. To encounter for nonlinear effects, both current and voltage driven models are discussed. For the initial design of the contactor, a comparison With the intent of a design optimization, various arrangements of the shading rings are subsequently concerned regarding their influence on the force characteristic in dependence of the air-gap. The results are focussed on a high value of the minimum force within one power frequency cycle since this is the most important criterion for the optimization.
